The potential for using strains of beneficial Pseudomonas spp. for biological control of soilborne fungal pathogens has been demonstrated on many crops (23, 29, 34, 36) . Several mechanisms, including the production of siderophores, hydrogen cyanide (HCN), and antibiotics, have been shown to play a role in disease suppression (6, 13, 22, 33) . Recently, genetic analysis of several Pseudomonas strains has established a positive correlation between antibiotic production and disease suppression (14, 30, 32) . For example, P. fluorescens 2-79 produces phenazine-1-COOH (PCA) and suppresses the disease take-all, caused by Gaeumannomyces graminis var. tritici (34) . Tn5 mutants deficient in phenazine production were less suppressive of take-all than the parental strain, and complementation of the mutants with cosmids isolated from a strain 2-79 genomic library restored both phenazine production and suppressiveness of take-all (30) . PCA was isolated from the roots of wheat colonized by strain 2-79 or the restored mutant but not from roots colonized by the mutants (31) . P.fluorescens HV37 produces the antibiotic oomycin and suppresses damping-off of cotton caused by Pythium ultimum. Mutations in the afuE locus required for synthesis of the antibiotic reduced the disease suppressiveness of strain HV37, and factors affecting oomycin biosynthesis have been investigated in experiments using transcriptional fusions between afu promoters and reporter genes (14) . P. fluorescens CHAo is a biocontrol agent of black root rot of tobacco caused by Thielaviopsis basicola and take-all. Using a gene replacement technique, cyanide production was correlated with suppression of black root rot of tobacco in a gnotobiotic system by strain CHAo (32) . The antibiotic 2,4-diacetylphloroglucinol (Phl) was also shown to be involved in disease suppression by this strain (18) .
P. aureofaciens Q2-87, originally isolated from the rhizosphere of wheat grown in a take-all-suppressive soil (Shano * Corresponding author. silt loam, pH 5.7) collected near Quincy, Wash., produced the antibiotic Phl, which inhibited G. graminis var. tritici in vitro (16) . When applied to the soil or wheat seeds, strain Q2-87 protected wheat against take-all. The purpose of this study was to identify and analyze genes involved in the antifungal activity of Q2-87 against G. graminis var. tritici. It was demonstrated that synthesis of Phl is primarily responsible for the antifungal activity of strain Q2-87 in vitro and that certain genes can be used to increase antifungal activity of heterologous antibiotic-producing strains.
MATERIALS AND METHODS
Strains, plasmids, and culture conditions. The bacterial strains and plasmids used in this study are described in Table  1 . Pseudomonas strains were grown at 28°C with aeratioti in either Luria-Burtani (LB) broth prepared as described previously (24) Genomic library construction and DNA manipulations. A BamHI deletion derivative of the broad-host-range cosmid pCP13 (Table 1) was used for construction of the genomic library. Details of the chromosomal isolation procedure are described elsewhere (9) . Standard methods for partial DNA digests, agarose gel electrophoresis, and sucrose gradient fractionation of DNA were used (24) . Restriction enzyme digests, ligations, and alkaline phosphatase treatments of DNA were done according to the manufacturer's instructions (Boehringer Mannheim Biochemicals, Indianapolis, Ind.). In vitro packaging and transduction of the ligated DNA were done according to the manufacturer's instructions (Stratagene, La Jolla, Calif.). The cosmid library in E. coli HB101 was mobilized en masse in mutant Q2-87::TnS-1, and transconjugants were immobilized on hybridization transfer membranes (Dupont, NEN Research Products, Boston, Mass.) and subjected to colony hybridization conditions suggested by the manufacturer. Southern blot hybridization (24) (Table 1 ). This plasmid, designated pMON5116, was used to screen 5,000 clones in a genomic library of Q2-87 by colony hybridization. The colonies that appeared to hybridize to the probe were subjected to Southern blot analysis' with the same probe, and three cosmids were identified which carried DNA regions homologous to the probe (data not shown).
Complementation of the mutant. The three cosmids described above were mobilized into Q2-87: :TnS-1, and two of them, designated pMON5117 and pMON5118, restored the activity of the mutant against G. graminis var. tritici in vitro (Fig. 1) . Strains Q2-87::TnS-1 and Q2-87::TnS-1(pCP13/B) produced no zones of inhibition against G. graminis var. tritici in vitro, whereas both Q2-87::Tn5-1(pMON5117) and Q2-87::TnS-1(pMON5118) produced zones comparable to that of Q2-87 (Fig. 1) . Results of a statistical analysis of in vitro and in vivo antifungal activity are shown in Table 2 . The average radius of the zone of inhibition of Q2-87: :TnS-1 containing pMON5117'or pMON5118 was 11.6 mm, which was not significantly different from the radius of the zone of inhibition of Q2-87, which was 11.5 mm. In growth chamber assays, wheat plants inoculated with strain Q2-87 had significantly less disease than plants treated with the mutant Q2-87::Tn5-1. The average root lesion lengths of plants inoculated with strain Q2-87 and the mutant were 19.4 and 36.4 mm, respectively. Moreover, the mutant did not provide any protection to the plant from G. graminis var. tritici infection when compared to the G. graminis var. triticiinfected control (data not shown). When the plants were inoculated with Q2-87::TnS-1(pMON5117) and Q2-87::Tn5-1 (pMON5118), the average root lesion lengths were 25.8 and 23.5 mm, respectively. In these studies, only Q2-87::Tn5-1 containing cosmid pMON5118 had root lesion lengths which were not significantly different from those of Q2-87. Although the differences between the complemented derivatives and the wild-type strain were not as definitive in the growth chamber studies as in the in vitro assays, the relative performance of the mutant compared with the wild-type strain was consistent with in vitro observations. The antifungal compound produced by strain Q2-87 was previously purified to a single HPLC peak, and the structure of the compound was established to be 1,3,6-trihydroxy-2,4-diacetophenone (diacetophloroglucinol) through infrared, 1H nuclear magnetic resonance, 13C nuclear magnetic resonance, UV, and high-resolution fast atom bombardment mass spectrometry (16) . The analyses were in agreement with the published data for this compound (4, 28) . HPLC chromatograms of culture supernatants of strains Q2-87, Q2-87: :Tn5-1, Q2-87: :TnS-1(pCP13/B), Q2-87: :TnS-1(pMON5117), and Q2-87::Tn5-1(pMON5118) indicated that the peak indicative of Phl was found only with strain Q2-87 and the mutant containing either cosmid pMON5117 or pMON5118 (Fig. 2) . Data for Q2-87::Tn5-1(pMON5117) are not shown. In addition, liquid chromatography-mass spectrometry of ethyl acetate extracts of Q2-87 identified two major peaks produced by Q2-87 as mono-and diacetophloroglucinol (data not shown). Both compounds are missing in the TnS mutant and both are restored in Q2-87::TnS-1(pMON5118), with the monoacetophloroglucinol peak preceding the diacetophloroglucinol peak (Fig. 2) . Although strain Q2-87 produces both mono-and diacetophloroglucinol, only diacetophloroglucinol is active against G. graminis var. tritici in vitro (16) . These results support the hypothesis that the gene(s) involved in Phl synthesis is carried on these cosmids.
Heterologous expression studies. Cosmids pMON5117 and pMON5118 were mobilized into heterologous Pseudomonas strains 2-79 and 5097, which do not produce Phl (Table 1) . P. fluorescens 2-79 produces PCA (34), and P. aureofaciens 5097 produces PCA, 2-OH-PCA (15) , and pyrrolnitrin (10, 21) . When Phl synthesis in these recombinant derivatives was examined, HPLC chromatograms revealed the presence of the active peak corresponding to Phl in strain (pMON5118) but not in 2-79(pCP13/B) (Fig. 3) . The Phl peak was also present in strains 2-79(pMON5117), 5097 (pMON5117), and 5097(pMON5118) (data not shown).
The presence of the cosmid pMON5118 in strains 2-79 and 5097 substantially increased in vitro antibiosis of the strains against G. graminis var. tritici (Fig. 4) . For example, the zones of inhibition produced by strains 2-79(pMON5118) and 5097(pMON5118) were threefold greater than the zones produced by 2-79(pCP13/B) and 5097(pCP13/B). In addition, in vitro antibiosis of G. graminis var. tritici by (pMON5118) and 5097(pMON5118) was comparable to that of strain Q2-87. In contrast, antibiosis of strains 2-79 and 5097 containing pMON5117 was not increased relative to the same strains containing pCP13/B. Similar in vitro results were obtained in assays with Rhizoctonia solani and P. ultimum (data not shown). In chamber tests conducted with the recombinant derivatives, there was no significant increase in suppression of take-all of wheat or damping-off of cotton by strains 2-79 and 5097 containing either cosmid pMON5117 or pMON5118 compared to the respective wildtype strains (data not shown).
In addition, there was no detectable Phl in E. coli strains containing either pMON5117 or pMON5118 when sonicated cell extracts were analyzed by HPLC (data not shown).
Cosmid analysis. To localize the gene(s) necessary for the antifungal activity of strain Q2-87, we performed cosmid deletion analysis, subcloning, and fine-structure mapping. Cosmids pMON5117 and pMON5118 contained large regions of homology in opposite orientations, with pMON5118 containing approximately 12 kb of additional insert DNA (data not shown). A 15-kb HindIII fragment cloned from pMON5117 into pRK415 in either orientation was able to restore both in vitro activity against G. graminis var. tritici by Q2-87::TnS-1 and Phl production (data not shown). One orientation, designated pMON5121, was used for the next subcloning experiment, in which an internal 9.5-kb XbaEcoRI fragment was cloned into pRK415. This plasmid, designated pMON5122, was mobilized into the mutant and also restored in vitro activity against G. graminis var. tritici and Phl production (data not shown). The smallest fragment size tested which restored in vitro activity against G. graminis var. tritici and Phl production was the internal 4.8-kb BamHI fragment in plasmid pMON5123. The restriction map of deletion derivatives of pMON5117 is shown in Fig. 5 . Deletion analysis of cosmid pMON5118 revealed that the internal 4.8-kb BamHI fragment was necessary for complementation (data not shown). Mapping of the Tn5 insert in pMON5116 revealed that the insertion was in this 4.8-kb fragment as indicated in Fig. 5 . The in vitro assays and biochemical analyses indicated that the 4.8-kb BamHI fragment present on both cosmids is necessary for complementation of the Phl-mutant and synthesis of Phl.
DISCUSSION
The results of this study demonstrate that the antibiotic Phl is primarily responsible for the inhibition of G. graminis var. tritici by P. aureofaciens Q2-87 in vitro. The transposon mutant Q2-87::Tn5-1 was deficient in Phl production and in vitro antibiosis, whereas genetic complementation with Q2-87 native genes concurrently restored both traits. The antibiotic Phl has previously been isolated from P. fluorescens (3, 26) . Our results are consistent with those recently obtained with P. fluorescens CHAo, a biocontrol agent of black root rot of tobacco (18, 29, 32) and take-all (17) . Strain CHAo produces hydrogen cyanide and Phl, and both compounds have been implicated as mechanisms in the biocontrol of black root rot of tobacco. P. aureofaciens Q2-87 also produces hydrogen cyanide; however, the role of hydrogen cyanide in disease suppression by Q2-87 has not been investigated. In have been transferred and expressed in a variety of Pseudomonas strains (11) . Field studies are needed to verify the usefulness of this approach.
When the culture supernatants of the mutant containing cosmid deletion derivatives were analyzed by HPLC, in all derivatives both the mono-and diacetophloroglucinol compounds were present, although only the diacetophloroglucinol is active against G. graminis var. tritici in vitro (data not shown). This suggests that the two compounds are closely linked in a biosynthetic pathway. In addition, one cosmid, pMON5119, which showed significant homology with the two cosmids that complemented the mutant did not restore antifungal activity or Phl synthesis in the mutant (data not shown). It is possible that this cosmid contained genes that repress the synthesis of Phl. Further genetic and biochemical analyses of the deletion derivatives of pMON5117 and the additional gene(s) contained on pMON5118 will be useful in determining the role of the gene(s) in the pathway of Phl synthesis in Pseudomonas strain Q2-87 and how the gene(s) is regulated.
Numerous secondary metabolites have been isolated from fluorescent pseudomonads (20) , and the importance of antibiotic production as a mechanism of biological control has long been assumed (35) . However, with recent genetic evidence linking antibiotic production with fungal disease suppression, the evidence has become overwhelming. Cloning of genes involved in antibiotic biosynthesis has opened the possibility of designing superior biocontrol agents by incorporating desirable traits from several strains into a single strain.
